The authors compare two electron paramagnetic resonance imaging modalities at 250 MHz to determine advantages and disadvantages of those modalities for in vivo oxygen imaging. Methods: Electron spin echo ͑ESE͒ and continuous wave ͑CW͒ methodologies were used to obtain three-dimensional images of a narrow linewidth, water soluble, nontoxic oxygen-sensitive trityl molecule OX063 in vitro and in vivo. The authors also examined sequential images obtained from the same animal injected intravenously with trityl spin probe to determine temporal stability of methodologies.
I. INTRODUCTION
The oxygenation of a tumor has a strong impact on tumor physiology and tumor cure probability. [1] [2] [3] [4] [5] Electron paramagnetic resonance oxygen imaging ͑EPROI͒ is a technique capable of noninvasively measuring spatial distributions of oxygen tension ͑pO 2 ͒ in tissues of live animals. [6] [7] [8] One of the promising strategies for EPR oxymetry is based on spectroscopic imaging of a water soluble, nontoxic, oxygensensitive trityl spin probe 9 injected intravenously into an animal.
At present, the most widespread EPROI technique for in vivo imaging is continuous wave ͑CW͒ EPROI. [6] [7] [8] 10, 11 CW EPROI has relatively simple equipment requirements and can image a large variety of spin probes. The key methodology is the spectral-spatial imaging that determines an EPR spectrum in every point of space. 12 Filtered backprojection ͑FBP͒ algorithms are used for reconstruction of images with up to three spatial dimensions and one spectral dimension. 13 The pO 2 is measured from the linear relation between pO 2 and the Lorentzian spin-packet linewidth ͑LW͒ of a spin probe, 11 determined by precise modeling of the EPR line shape. 14 The disadvantage of CW imaging is its relatively slow acquisition speed because an EPR spectrum requires the magnetic field to be swept. Any acceleration of the acquisition increases the requirements on compliance of the power supply driving the magnetic field coils. Previously, we have used linear power supplies; however, in this article, we demonstrate that CW images can be acquired more quickly using a high compliance switching-mode power supply.
Another way to accelerate image acquisition is to use pulse methods. Pulse EPR methodologies used in vivo oxygen imaging includes single point imaging ͑SPI͒ 15, 16 and electron spin echo ͑ESE͒ imaging ͑ESEI͒ developed in our group. 17 SPI utilizes phase encoding, while ESEI is based on frequency encoding of spatial information. Both methodologies demonstrate very high acquisition speed and pO 2 fidelity. Applying our ESEI methodology to phantoms we have demonstrated that one can obtain pO 2 images in a few minutes with precision better than 1 torr. 18 The ESE is detected using a two-pulse sequence. A series of three-dimensional ͑3D͒ images with different delays ͑͒ between / 2-and -pulses is acquired and the decay of intensity in every spatial point is fitted to an exponential function. The inverse spin-spin relaxation time determined from this procedure ͑1 / T 2e ͒ can be converted to spin-packet line full width at half height ͑a homogeneous EPR line broadening component͒ using LW= ͑2␥T 2e ͒ −1 , where ␥ is the gyromagnetic ratio of the electron. Unlike spectral-spatial imaging, 3D imaging does not determine the complete EPR spectrum of the spin probe. 18 Instead, only relaxation time and EPR line amplitude are determined in every image voxel. Nevertheless, this information is sufficient for pO 2 determination. This direct measurement of spin-spin relaxation is the major advantage of ESEI and the reason for the higher precision of pO 2 determination as compared to other EPROI methods. CW imaging produces a spectrum at each spatial point, a four-dimensional image. For generation of spectral information, at each gradient spatial angle, a sequence of projections with different gradient amplitudes has to be obtained. For ESE imaging, a much more limited number of echoes are obtained at each spatial projection, creating a rapidly acquired sequence of 3D images. A more theoretical advantage of the pulse technique relative to the CW technique lies in the intrinsic dimensionality of the images. The pulse images are constructed from a sequence of 3D images obtained at specific echo times. The CW image is 4D, involving the three spatial dimensions and a frequency or field dimension. 12, 19 It is a well-known property of the Radon transform that it is not a local transformation in even dimensions. 20 That nonlocality makes it more susceptible to projection truncation artifacts.
Although CW EPROI and ESEI determine the same parameters, their imaging protocols, instrumentation, and data processing are very different. Consequently, both methods may have different responses to experimental conditions. The early comparison of CW and FID detected EPR was published in 2002. 22 The substantial improvement of pulse EPR techniques and equipment since then necessitates another comparison. In previous publications, using phantoms, we demonstrated that ESEI delivers results essentially identical to CW EPROI in a shorter time. 17, 18 The spatial resolution of both methodologies is about 1.5 mm and oxygen resolution in phantoms is ϳ3 and ϳ1 torr for CW EPROI and ESEI, respectively. 18, 23 Living organisms present a more serious challenge for imaging. Sharp gradients of oxygen and spin-probe concentrations may be present within a single voxel of an image. The result will be an average of the voxel pO 2 , potentially methodology dependent. Furthermore, continuous changes of spin-probe concentration and pO 2 during the experiment are to be expected. Not all these factors can be investigated using phantoms and therefore there is a need for direct in vivo intermodality comparison. In this work, we present such a comparison of the ESEI and CW EPROI modalities obtained on the same live animals using our 250 pulse MHz CW/pulse EPR instrument.
II. MATERIALS AND METHODS

II.A. Spin probe
The spin probe used for the EPR imaging was a OX063 radical methyl-tris͓8-carboxy-2,2,6,6-tetrakis͓2-hydroxyethyl͔benzo͓l,2-d:4, 5-dЈ ͔bis͓l,3͔dithiol-4-yl͔trisodium salt, molecular weightϭ1427, from GE Healthcare ͑Little Chalfont, Buckinghamshire, United Kingdom͒. A 70.0 mM OX063 solution was prepared in distilled water and then passed through a 5 m filter to remove particles large enough to occlude a capillary.
II.B. Tumor model and animal protocol
Approximately 10 6 FSa fibrosarcoma cells were injected intramuscularly into the right gastrocnemius muscle of 6-8 week old female C3H/HeN mice ͑Harlan Sprague-Dawley, Indianapolis, IN͒. These tumors grow to approximately 8-10 mm mean dimension in 7-10 days. During the imaging preparations and actual imaging, the mouse inhaled a 1.0%-2.0% isoflurane atmosphere. While subjected to isoflurane anesthesia, the mouse's rectal temperature and its surface abdominal temperature were monitored at different times. IR radiant heating and contact heating by Deltaphase Isothermal Pad heating pads ͑Braintree Scientific, Inc., Braintree, MA͒ were adjusted to maintain the mouse's core temperature within the range 36-38°C. For administration of the OX063 spin probe, the mouse's tail vein was catheterized with 24 Ga angiocatheter. To eliminate the spin probe from the bladder, we cannulated the mouse's urethra with a 20 Ga angiocatheter whose lumen contains an internal polyethylene tube. The double lumen extended into the mouse's bladder. Water, through the internal tube, allowed flushing the mouse bladder at a rate of 20 ml/h. The effluent containing the OX063 was collected for recycling well away from the imaging apparatus in order to minimize image artifacts. 24 The tumor was immobilized in the resonator by a cast of vinyl polysiloxane dental impression material ͑GC Dental Products, Kasugai, Japan͒. It has been shown previously that the cast does not affect image quality. 25 The complete experiment, including the animal preparation, could be up to 3 h long. We carefully maintained a steady level of anesthesia and monitored the breathing rate and temperature during the experiment to ensure that the oxygenation level of the tissues was similar for all measurements. Animals tolerated the procedure remarkably well.
All animal experiments were done according to the US-PHS "Policy on Humane Care and Use of Laboratory Animals," and the protocols were approved by the University Of Chicago Institutional Animal Care and Use Committee ͑ACUP No. 69681͒. The University Of Chicago Animal Resources Center is an Association for Assessment and Accreditation of Laboratory Animal Care-approved animal care facility.
II.C. Animal imaging protocol
At the start of imaging, 200 l of the 70 mM OX063H solution was injected into a 25 g animal ͑1.4 mmol/kg body-weight͒, which corresponds to one-sixth of the LD 50 for the spin probe. 26 The 280 mOsm osmolarity of the solution is near physiologic and has little effect on the animal physiology; the renal activity of an animal efficiently clears the spin probe from the blood with a half-life of a few minutes but the clearance half-life from tumor tissue is much slower ͑ϳ30 min͒. To compensate for the clearance, a continuous infusion of the same solution with the rate of ϳ0.22 ml/ h was maintained during the experiment. The rate of the infusion was adjusted to maintain a constant trityl EPR signal level in the tumor bearing leg. Consecutive images utilizing the same modality followed each other immediately. When a modality change was desired, the change-over time was about 5 min.
II.D. CW imaging
In our previous work, 5,18 the B-MN 3xϮ40/60 C5 ͑Bruker BioSpin Corporation, Billerica, MA͒, a bipolar linear mag-netic field power supply, was used in the imager. For this work, we substituted a switching-mode power supply model 262 ͑Copley, Canton, MA͒ with considerably higher compliance ͑300 V vs 40 V of B-MN supply͒. This allowed us to triple the maximum rate of linear magnetic field sweeping. This rate is considerably slower than the rates used for rotating gradient methodology, 27 but is sufficient to demonstrate the effect of accelerated image acquisition on image signal to noise ratio ͑SNR͒. New control software and hardware with minimum programming and communication delays reduced the acquisition time for CW imaging by 35%. A 19 mm inner diameter split top resonator was used for imaging. This resonator has a considerably lower empty Q ͑ϳ150͒ than resonators dedicated solely for CW imaging ͑ϳ300͒, but is better suited for cross-methodological comparisons. The Q of the resonator loaded with a phantom was 140. The Q of the resonator with an animal was 80-120, similar to loaded Q of resonators dedicated for CW imaging. CW EPR oxygen images were acquired and reconstructed using standard spectral-spatial FBP algorithms. 12, 13, 28, 29 Two protocols for CW acquisition with different magnetic sweep rates were used ͑Table I͒. The duration of the slower protocol, similar to that used in our previous studies, was 30 min per image, while the duration of the accelerated protocol was 11 min per image. The number of projections and amplitudes of gradients were kept identical. Each EPR projection spectrum was acquired with 256 points. The spectrum was then subjected to a four-point running average filter with Gaussian weights and then subsampled to 256/ 4 = 64 points. Projections were filtered with a 3D Ram-Lak filter with a cutoff at 0.5 times the Nyquist frequency and four times linearly interpolated. 28, 30 The fitting algorithm of Robinson et al. 14 was used to extract the spin-packet line width and signal amplitude from the spectral dimension of each spatial voxel of the image. All data processing was performed using inhouse MATLAB ͑The Mathworks, Inc., Natick, MA͒ scripts.
II.E. Electron spin echo imaging
In this work, we used the versatile pulse 250 MHz imager described in detail elsewhere. 18 To utilize the full power of our 2 kW RF amplifier 31 ͑Tomco Technologies, Norwood SA, Australia͒, the transmit-receive switch of the imager was redesigned utilizing a new protection scheme and high power components. 32 A pulse amplitude modulation switch was added to produce / 2-and -pulses of equal duration. 33 The imager control software SPECMAN4EPR version 1.1.5 ͑Ref. 34͒ that makes possible nonstop multiple image acquisition was used. The same 19 mm inner diameter split top resonator was used for CW and ESE imaging. For pulse experiments, the Q was reduced to 13-14 using a 750 ⍀ shunt resistor. 35 ESE image data collection uses a 3D FBP protocol. 13, 17 An equal solid angle scheme 28 was used for gradient directional spacing. To reduce FBP reconstruction artifacts, the acquired set of projections was fourfold linearly interpolated 30 and filtered with a 3D Ram-Lak filter with a cutoff at 0.5 times the Nyquist frequency. The data acquisition and processing methods are discussed in detail elsewhere. 18 A summary of the protocol is given in Table I .
The electron spin echoes were generated with a / 2---echo pulse sequence. We used 35 ns / 2-and -pulses that had 6 dB differences in power. The equal bandwidth of the pulses produces uniform excitation of spins and helps to reduce the reflections from the resonator, whose loaded quality factor Q ϳ 14 for phantoms and Q = 13.2-13.8 for mice was chosen to match the bandwidth of the sequence. An applied RF power of 52 dBm for the -pulse maximized the echo height. To obtain image projections, the echoes were Fourier transformed. To avoid truncation artifacts due to the dead time of the imager, the analysis involved only the 4 s following the echo maximum. We kept in subsequent images only those voxels with signal amplitude greater than 15% of the voxel with the maximum amplitude in the image taken at the earliest . This threshold level selects an image volume comparable to that of high resolution imaging techniques such as CT or MRI. All data processing was performed using in-house MATLAB ͑The Mathworks, Inc., Natick, MA͒ scripts.
II.F. Phantom imaging
The spin probe was contained in a flat-bottomed borosilicate glass cylinder of 9.5 mm inner diameter and 45 mm length. The trityl samples were bubbled with calibrated water-saturated gas mixtures of oxygen and nitrogen until equilibrated and then sealed with epoxy. During measurements, samples were placed into the resonator horizontally along the resonator's axis of symmetry and centered in the axial plane of the resonator. For statistics, only those voxels inside resonator volume were analyzed. The image comparisons were restricted to voxels located in both images. The difference between selections of voxels in images did not exceed 2% of the overall voxels for all pairs and the majority of nonmatched voxels were localized on the periphery of images. 
II.G. Calibration
The OX063H spin-packet LW and oxygen partial pressure are linearly related with a coefficient equal to 18.4 torr/ T. The OX063H spin-packet linewidth at 0 torr oxygen and animal temperature ͑37°C͒ is equal to 1.2 T. For CW, several additional factors contribute to the 0 torr linewidth broadening, 11 resulting in the spin-packet linewidth of 1.8 T. The intensities of the images were calibrated from the intensity of the 1 mM deoxygenated OX063H homogeneous phantom. This established an average voxel concentration, the number of spins in each voxel of an image. For ESEI calibration, the image formed by extrapolating voxel intensity to echo time zero was used.
II.H. Image registration
ESE oxygen images have little anatomic information. In order to discriminate tumor from other tissues in our ESE images, we must make an anatomic MRI image and register it to the ESE image. 36 In both images, we locate a set of fiducial tubes that bear a fixed spatial relationship to the mouse leg. These fiducials are embedded in the same vinyl polysiloxane dental material cast holding the leg. 25 This defines a coordinate transformation from the MRI image that allows us to import anatomic information, especially the tumor boundary, to the ESE image.
III. RESULTS
The comparison of live animal images obtained using different methodologies is not straightforward. Neither CW or ESE can be considered as a "gold standard" of 3D noninvasive oxymetry. 37 In our previous studies, 18, 23 we evaluated the pO 2 precision from an image of a deoxygenated phantom by calculating the standard deviation of the pO 2 of image voxels with amplitudes above a certain threshold ͑15% of maximum͒. We will call this method Ml. On a live animal, there is no predefined knowledge of pO 2 . Moreover, pO 2 both in tumors and normal tissues changes with time. 38 Therefore, method Ml cannot be applied with any accuracy. For in vivo comparisons, we have used another method ͑M2͒, in which we take sequential images of the same object and then calculate statistics for the voxel-by-voxel pO 2 difference between those images. Assuming that image noise is not spatially correlated, the standard deviations calculated using method M2 will be larger by a factor of ͱ2 than those calculated using method Ml when applicable. Table II demonstrates that methods Ml and M2 are indeed give similar results on 1 mM OX63H phantoms. To cover the range of physiologically relevant pO 2 values, we studied four phantoms with pO 2 from 0 to 140 torr. The precision of CW-30 measurements is lower than reported previously ͑3.0 torr͒ ͑Ref. 23͒ due to twice lower Q of the resonator used in this work. One immediate result is that the ESE method shows a much stronger decline in the pO 2 precision compared to CW for phantoms with high pO 2 . The precision of pO 2 determination is generally expected to be lower for high pO 2 phantoms due to decreases in SNR associated with the EPR line broadening in case of CW or accelerated T 2e relaxation in the ESE case. The SNR of the pulse methodology is largely governed by the dead time of the imager. This dead time determines the shortest delay between pulses in the ESE pulse sequence, for which the echo can be obtained ͑550 ns for animal imaging in our case͒. For high pO 2 samples, a considerable part of spin system magnetization has already relaxed during this delay, resulting in a poorer image SNR ͑see Table III͒. According to the Table II , the ESEI precision of pO 2 determination is superior to the precision of the CW-30 ͑30 min CW͒ pO 2 imaging up to ϳ70 torr. The CW-11 images, which have durations similar to ESE images, have larger pO 2 standard deviations for pO 2 values below ϳ100 torr. However, they do determine the correct mean pO 2 values and can be used for quick assessment of oxygenation in qualitative studies.
We performed a comparison of the CW and ESE imaging methodologies on a number of mice. Each comparison was repeated on two to three different animals to reduce the effects of any differences in the physiology of the animals. The results are summarized in the Table IV . Representative slices of CW and ESE spin-probe concentration images obtained from the same animal are presented in plots a and b of Fig. 1 , respectively. The CW and ESE images are shown in the same coordinate system and identical slices are selected. The average concentration of spin probe as reported by EPR was ϳ0.4 mM in tumor and ϳ0.3 mM in the animal body. The corresponding slices of the pO 2 images are presented in the columns ͓Fig. 1͑d͒ ͑CW͒ and Fig. 1͑e͒ ͑ESE͔͒. From the figure, it is readily apparent that the spatial outlines and general features of the ESE and CW images are very similar. The general impression shown by the images is that the CW images show lower pO 2 values than the ESE. However, the frequency histograms of the images ͑Fig. 2͒ are similar. For the histograms, all fitted voxels of the three-dimensional images were analyzed. One can notice differences between CW and ESE histograms in the very low and very high pO 2 areas. The low pO 2 wing of the CW histogram extends to negative values and demonstrates higher level of pO 2 uncertainty than in the ESE image ͑no negative values are shown in the his-togram͒. This correlates with phantom results. The high pO 2 side of the CW histogram is populated slightly more than the ESE histogram. This effect is because of the exclusion of voxels with pO 2 above ϳ70 torr from the fitting mask of ESE images due to their very low intensity and SNR.
Using the M2 method, we evaluated the pO 2 precision for consecutive CW and ESE images obtained from the same animal. The range of values obtained in multiple experiments is presented in the Table IV. The standard deviation between CW EPR images was found to be larger than the deviation between ESE images. Because the ESE-10 imaging is three times faster than the CW-30 imaging, we performed an experiment to establish the long term stability of pO 2 in an animal. The comparison of the ESE-10 images obtained on the same animal and separated by 40 min is presented in the Table IV . The standard deviation of voxel pO 2 between the temporally adjacent pulse images appeared to be similar to those separated by 40 min. However, over that 40 min time interval, we observed a decrease in the mean pO 2 in the animals by 2-5 torr. We believe that this decrease is the effect of the anesthesia on the mice.
IV. DISCUSSION
Phantom studies ͑see Table II and prior works 17, 18 ͒ demonstrated very high levels of correlation between pO 2 images obtained from the same phantom using CW and ESE. The differences between the pO 2 from the same voxels in images TABLE IV. Comparison of sequential in vivo images obtained from a tumor bearing leg. The method M2 is used; mean and standard deviations of the populations of differences between the pO 2 voxels of the images are calculated. For each comparison, n =2-3 experiments on different animals were performed, the range of results is presented. obtained from live animals showed greater standard deviations. Multiple sources of error contribute to the additional pO 2 standard deviation. The pO 2 in a live animal can change. 38 Dewhirst et al. [38] [39] [40] investigated the fluctuation of oxygen pO 2 in tumor tissues and found oscillations with about 10 torr amplitude and a period of approximately 10 min. Since the largest part of the tissue imaged is tumor ͑see outline in the Fig. 1͒ , these data are applicable to our study. Hence, some of the standard deviations in CW and ESEI images can be attributed to physiologic processes. This factor, however, should affect both methodologies equally, while the one-to-one comparison of CW and ESEI images ͑see Table IV͒ demonstrates significantly lower standard deviations in the ESE images, especially in hypoxic regions which are the primary focus of studies in tumors. 11 The higher resolution of the ESE technique comes at a price. With higher pO 2 resolution, the influence of subtle effects on relaxation must be determined and related to pO 2 effect. One of these influences is the concentration dependence of T 2e . The literature indicates some disagreement on this subject. 9, 16 One of the difficulties from early work is due to the use of CW EPR to determine this effect. Even the use of either Voigt line shape analysis 8, 41 or the use of an accurate model of the modulation broadened spin packet cannot compensate for the relatively small fractional response of the EPR line to the effect of concentration. We believe that prior estimates of the concentration broadening effect in vivo have underestimated it. 42 Moreover, imaging determines the number of spins in a given volume but the volume of distribution of the spins within an image voxel is difficult to determine due to the exclusion of trityl from intact cells. This, in turn, reduces the accuracy of the determination of the spin-probe concentration. The confounding broadening effect of spin concentration then blurs the pO 2 values. In our in vivo experiments, the concentration effect was minimized by using the lowest feasible spin-probe concentration.
What are the reasons for the poorer reproducibility of the in vivo CW measurements? In our measurements, we compensated for the SNR advantage of pulse methods 17, 22, 43 by taking CW images over a longer time. However, a greater SNR in the CW images did not lead to better oxygen resolution. The difference of the imaging times may be a factor by itself due to the time evolution of animal oxygenation. We ruled out this effect by taking multiple ESE images separated by a 40 min time interval ͑see Table IV͒. There were no appreciable differences between the several ESE images obtained over the duration of the single CW image acquisition. Another factor that can affect reproducibility of in vivo CW images might be the experimental hardware. CW measurements are done in a resonator with quality factor Q of 80-150, up to ten times greater than in the pulsed system, Q ϳ 14. This makes the CW resonator more sensitive to the environment and animal motion. Although the frequency drift of the resonator is compensated by the AFC unit and a field-frequency lock, the change of the resonator coupling with frequency is not compensated, potentially altering the line shape by absorption/dispersion mixing. As noted in Sec. I, an important theoretical advantage of the lower dimensionality of ESE imaging ͑3D compared to 4D for CW͒ is that the filtered backprojection in odd dimensions is local and less susceptible to projection truncation artifacts. 21, 44 Here we refer to the dimensionality of inverse Radon transformation, used to produce an image, and not to the dimensionality of the final image, which will have four dimensions in both cases. The wings of the Lorentzian spin-packet line ͑and hence the projection͒ are minimally truncated by the limited magnetic field range in 4D spectral-spatial imaging used by CW, creating, in theory at least, some artifact. Another relative advantage of the ESE method comes from the very straightforward relationship between the T 2e and the observed signals. In contrast, fitting of the CW line shape has multiple parameters and depends on our ability to measure small changes in width due to oxygen in the underlying Lorentzian line width in the face a much larger, albeit fixed, inhomogeneous linewidth component. As a result, CW EPROI may require data with greater SNR than ESEI for equal quality fits.
One of the weaknesses of the ESE methodology is its performance in high pO 2 areas. The importance of this aspect of the in vivo image is experiment and application dependent. The major factor that affects precision in these areas is the imager's dead time. The dead time of our imager ͑ϳ550 ns͒ is one-third longer than the estimated dead time of ϳ35 ‫ء‬ Q / 2 = 312 ns of a resonator with Q of ϳ14 at 250 MHz and 52 dBm of RF power. This difference is caused by spurious transients introduced by the use of a high power circulator. 32 We expect that further improvement of our transmit/receive switch design will decrease the dead time and enhance high pO 2 ESE images. The dead time can also be reduced by decreasing Q but this is less desirable due to the concomitant reduction in the image SNR.
V. CONCLUSIONS
A comparison of oxygen images from phantoms and animals, obtained using the trityl paramagnetic molecule as the oxygen-sensitive spin probe, demonstrated a clear similarity between CW and ESE EPROI methodologies. However, ESE images with equivalent pO 2 and spatial resolution take one- third of the CW image acquisition time and give superior reproducibility in hypoxic areas, which are of greater biologic relevance for in vivo imaging of tumors. For pO 2 above 70 torr, CW images show higher SNR and oxygen resolution at a price of tripled acquisition time. Only above 100 torr are CW images superior both in terms of acquisition time and precision.
